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Abstract 
A finite-element method (FEM) system has been developed, which enables us to perform structural analyses by using measured 
data obtained by 3D measurement system such as X-ray or neutron beam computed tomography (CT). This system allows us to use 
more realistic model of industrial products than models generated by conventional method based on CAD. On the other hand, the 
FEM solver included in this system employs the elastoplastic material model and the updated Lagrangian rate formulation to 
describe finite deformation problems. With these features, the solver is applicable to a variety of manufacturing processes such as 
sheet metal forming. In this study, Cockcroft and Latham’s ductile fracture criterion was introduced into this code to simulate 
shear-cutting processes. Several experiments with ductile fracture propagation were carried out and the results were compared with 
those obtained by FE simulations made by STAMP3D. The robustness and accuracy of the developed FE code for the simulations 
of metal forming processes with ductile fracture such as shearing process were proved in this study. The above mentioned FEM 
system is planned to be coupled with crystal plasticity analysis solver so that the results can be verified by comparing the crystal 
orientation distribution obtained by neutron sources. 
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1. Introduction 
A finite-element method (FEM) system has been developed, which enables us to perform structural analyses by 
using measured data obtained by 3D measurement system such as X-ray or neutron beam computed tomography (CT). 
With this system, internal structure, internal defects and material distribution as well as the model geometry can be 
taken into account in the numerical structural analyses. This feature makes it possible for numerical simulations with 
this system to provide the same results as those achieved through experiments since this system allows us to use more 
realistic model of industrial products than models generated by conventional method based on CAD. 
On the other hand, the FEM solver included in this system (the solver part is known as “STAMP3D [1]”) employs 
the elastoplastic material model and the updated Lagrangian rate formulation to describe finite deformation problems. 
With these features, the solver is applicable to a variety of manufacturing processes such as sheet metal forming or 
forging process, which exhibit large non-linearity during the deformation processes. The advantages of STAMP3D lie 
in robustness of computation as well as accuracy in predicting forming defects such as fracture, wrinkling and 
springback. 
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Recently, many attempts are being made to simulate the shearing process of thick sheet metals using FE codes for 
the purpose of evaluating shearing conditions such as clearance between punch and die by taking into account the 
ductile fracture criteria. However, most of these attempts are carried out by rigid-plastic FE codes neglecting elasticity. 
Ductile fracture criteria are also applied in such simulations in some cases, but are mostly used only to evaluate the 
possibility of cracks. Simulations on crack propagation caused by ductile fracture are seldom carried out particularly 
using elastoplastic analysis, mainly due to the difficulty to achieve the force equilibrium at the fracture front where 
sudden change of stiffness occurs. 
In this study, an efficient force cancelling algorithm was implemented in STAMP3D to prevent large non-
equilibrated forces arising from an explicit time integration scheme and a sudden change in stiffness due to fracture. 
Cockcroft and Latham’s ductile fracture criterion was introduced into this code to predict the occurrence of fracture. 
Fracture propagation was also simulated by removing elements whose fracture parameter exceeded the defined 
criterion. Several experiments with ductile fracture propagation were carried out and the results were compared with 
those obtained by FE simulations made by STAMP3D with proposed method. The robustness and accuracy of the 
developed FE code for the simulations of metal forming processes with ductile fracture such as shearing process were 
proved in this study. 
The above mentioned FEM system is planned to be coupled with crystal plasticity analysis solver so that the results 
can be verified by comparing the crystal orientation distribution obtained by neutron sources. 
2. Outline of sheet metal forming simulation 
Recent advances in numerical analysis and computational power have enabled the practical application of sheet 
metal forming simulation technology using finite-element methods (FEM). Breakage and wrinkling prediction in 
automotive body stamping parts in the product design stage has enabled the realization of high quality, low cost and 
short delivery periods. 
2.1. Elastoplastic FE code “STAMP3D” 
In the STAMP3D code, the updated Lagrangian rate formulation is employed to describe the finite deformation 
problem. The rate-type equilibrium equation and boundary conditions are equivalently expressed by the principle of 
virtual velocity. Hill’s quadratic yield function and the associated flow rule are used. The relations between the 
Jaumann deriva-tive of the Cauchy stress σ J  and the strain rate tensor D  can be written as constitutive equations. 
Assuming that the relations stated above are preserved from time t  to t t' , where t'  is a small time increment, 
the co-rotational stress increment and strain increment are written as follows. 
J J t'  'σ σ , t'  'd D , etc  (1) 
All rate quantities are simply replaced by incremental quantities. Finally, upon a standard FE discretization, a 
system of algebraic equations can be obtained: 
 '  'K u f   (2) 
where K  is the elastoplastic stiffness matrix. 
In this code, a static-explicit approach to the solution of equation (2) is applied. The stiffness matrix   is de-scribed 
at time t  and is regarded as being constant over the increment t' . The “r-min” method [2] is used to impose a 
limitation on the size of the time step. 
2.2. Shearing experiments [3] 
The shear cutting tools used in this study are schematically shown in Fig. 1. Gas springs were used in order to keep 
the plate flat during the shearing process. Chromium molybdenum steel plates with a thickness of 6mm were used as 
test pieces, as shown in Fig. 4. Experiments were carried out with clearances between the punch and die of (a) 0.6 mm 
and (b) 0.06 mm. A 500 kN servo press machine manufactured by Amino Corporation was used. 
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Fig. 1. Schematic view of shear cutting tools. 
Fig. 2 shows the experimental results of shear cutting. Shear droops are observed under both conditions of (a) and 
(b); they are larger in (a) than in (b). 
 
 
 
 
 
 
 
 
 
 
(a) Cl=0.6 mm                    (b) Cl=0.06 mm                         (a) Cl=0.6 mm                      (b) Cl=0.06 mm 
(I) Profile of sheared edge   (II) Quality of sheared surface 
Fig. 2. Experimental results with clearances (Cl) of (a) 0.6mm and (b) 0.06 mm. 
 
2.3. Shearing simulations [3] 
Shearing models assume a purely two-dimensional plane-strain condition. However, we carried out three-
dimensional simulations to investigate their capability for shear cutting with remeshing and ductile fracture criteria. 
The depth of plate in the numerical model was set to be 1mm. 
Numerical results are shown in Fig. 3 for tool clearances of (a) 0.6 mm and (b) 0.06 mm. The numerical results 
showed good qualitative correlation with experiments. Comparisons are shown in Fig. 4 and Fig. 5, which exhibit 
certain levels of discrepancy between the experimental and simulation results, especially in terms of the ratio of 
burnished surface. 
The numerical results showed the similar tendency in terms of burnished surface ratio with respect to tool clearance 
as the experimental results. Shear droops similar to those observed in the experiments were also observed in the 
simulation results. However, certain levels of discrepancy between the experimental and simulation results, especially 
in terms of the ratio of burnished surface were observed, implying that further improvement in the simulation accuracy 
was necessary. 
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(a) Cl=0.6 mm                       (b) Cl=0.06 mm                                 (a) Cl=0.6 mm                          (b) Cl=0.06 mm 
Side view                                                                                            Angled view 
Fig. 3. Numerical results with two different tool clearances. 
 
 
 
 
 
 
 
 
 
 
 
 
 
                      (a) Comparison of shear droop                                                            (b) Comparison of burnished surface ratio 
Fig. 4. Comparison of shear droop (a) and burnished surface ratio (b). 
3. Attempts to clarify mechanical behavior of materials more precisely 
In the sheet metal shearing processes, we often find regions with very high strain level such as 100% or larger, as 
shown in Fig. 5. However, there is no material testing method to obtain stress-strain curve at such a high strain level. 
Therefore we have to define the stress-strain relation at a high strain region, especially where a necking occurs in a 
uniaxial tension test, by extrapolating the stress-strain curve with mathematical expressions such as n-power law 
obtained by approximation using the measured stress-strain relation in low strain region. Unless the stress-strain 
relation at a high strain region is accurately obtained, the accuracy of the shearing simulation with an approximated 
and extrapolated stress-strain curve is never assured. 
In addition, strain rate also becomes so high that the strain rate sensitivity in the material’s mechanical property 
may not be negligible. Hence, it is difficult to carry out accurate shearing simulations with current technology of 
material testing and material model identification. 
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Fig. 5. Plastic strain distribution Shearing simulation result for a steel sheet with 3.2 mm thickness. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6. Result of crystal plasticity analysis for AZ31 magnesium alloy [4, 5] 
3.1. Crystal plasticity analysis method 
Crystal plasticity analysis is a multi-scale numerical method to predict macroscopic mechanical properties of 
metallic materials by analyzing microscopic behavior at crystal grain level, i.e. the evolution of crystal orientation and 
texture. Fig. 6 shows an example of crystal plasticity analysis result for AZ31 magnesium alloy [4, 5]. This figure 
shows the results obtained under 2% tension-compression-tension. Good agreements are achieved regardless of 
loading path. Besides, there you can find complicated curves caused by twinning and detwinning, which cannot be 
expressed by any conventional macroscopic constitutive law. 
3.2. Future plan of innovative metal forming simulations with measurement by neutron beam 
It is obvious that the crystal plasticity analyses is one of the most powerful numerical tools to couple metal forming 
with crystal grain level measurements. Current problems in crystal plasticity analyses are as follows; 
- Lack in precise understanding of mechanical phenomena in crystal grain, grain boundary, etc. 
- Lack in experimental verification of numerical modeling in which above phenomena are taken into account. 
In order to solve above problems, realization of 3D measurement of crystal orientation, density of dislocation, grain 
size, residual stress, etc. during deformation are highly needed. 
Fig. 7 shows the vision to improve metal forming simulations. Measurement by neutron beam can be compared 
with and can validate the crystal plasticity analysis results and at the same time, can provide valuable input 
information for the analysis. Improved crystal plasticity analysis can make a contribution to the macroscopic material 
modeling and can improve drastically the accuracy of forming simulations in industrial use. 
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Fig. 7. Vision to improve metal forming simulations coupled with neutron beam technology. 
 
4. Conclusions 
The FE simulation of fracture propagation is a highly nonlinear problem that is difficult to solve using elastoplastic 
FE codes, mainly because of the sudden change in the force equilibrium situation at fracture. In this study, the static-
explicit scheme implemented in STAMP3D was proved to be sufficiently robust to treat highly nonlinear problems 
such as shear cutting. It was also shown that the possibility of innovation in this field lies in collaboration between 
crystal plasticity analysis and neutron beam measurement technology. 
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